Introduction {#Sec1}
============

The discovery of a Higgs boson (*h*) \[[@CR1], [@CR2]\] at the Large Hadron Collider (LHC) consistent with the predictions of the Standard Model (SM) \[[@CR3], [@CR4]\] motivates an enhanced effort to search for new physics via the Higgs sector. Many new physics models predict rates of Higgs boson pair production significantly higher than the SM rate \[[@CR5]--[@CR7]\]. For example, TeV-scale resonances such as the first Kaluza--Klein (KK) excitation of the graviton, $\documentclass[12pt]{minimal}
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                \begin{document}$$G^{*}_{\mathrm {KK}}$$\end{document}$, predicted in the bulk Randall--Sundrum (RS) model \[[@CR8], [@CR9]\] or the heavy neutral scalar, *H*, of two-Higgs-doublet models (2HDM) \[[@CR10]\] can decay into pairs of Higgs bosons, *hh*. Enhanced non-resonant $\documentclass[12pt]{minimal}
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                \begin{document}$$pp \rightarrow hh$$\end{document}$ production can arise in models such as those with new, light, coloured scalars \[[@CR11]\], or direct $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}hh$$\end{document}$ vertices \[[@CR12], [@CR13]\].

ATLAS has carried out a search in the $\documentclass[12pt]{minimal}
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                \begin{document}$$b\bar{b}\gamma\gamma $$\end{document}$ final state \[[@CR14]\], setting limits on both resonant (masses between 260 GeVand 500 GeV) and non-resonant Higgs boson pair production. CMS has searched in the multi-lepton and multi-lepton $\documentclass[12pt]{minimal}
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                \begin{document}$$+$$\end{document}$ photons final-states in the context of 2HDM extensions of the Higgs sector \[[@CR15]\]. CMS has also searched for narrow resonances in the $\documentclass[12pt]{minimal}
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                \begin{document}$$b\bar{b}b\bar{b}$$\end{document}$ channel \[[@CR16]\].

Recent phenomenological studies have demonstrated that despite the fully hadronic final state being subject to a large multijet background, searches for new physics in the $\documentclass[12pt]{minimal}
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                \begin{document}$$pp \rightarrow hh \rightarrow b\bar{b}b\bar{b}$$\end{document}$ process have good sensitivity for both resonant \[[@CR17], [@CR18]\] and non-resonant signals \[[@CR19]\]. One contributing factor to this sensitivity is the high expected branching ratio for $\documentclass[12pt]{minimal}
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                \begin{document}$$h \rightarrow b\bar{b}$$\end{document}$. The analysis presented in this paper is designed to search for two high-momentum $\documentclass[12pt]{minimal}
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                \begin{document}$$b\bar{b}$$\end{document}$ systems with masses consistent with $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{h}$$\end{document}$, where each $\documentclass[12pt]{minimal}
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                \begin{document}$$b\bar{b}$$\end{document}$ system contains two jets identified as containing *b*-hadrons (the jets are "*b*-tagged"). Compared to a more inclusive $\documentclass[12pt]{minimal}
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                \begin{document}$$b\bar{b}b\bar{b}$$\end{document}$ final-state analysis, this topology has many benefits due to the large required momentum and angular separation between the two $\documentclass[12pt]{minimal}
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                \begin{document}$$b\bar{b}$$\end{document}$ systems: (i) excellent rejection of all backgrounds; (ii) highly efficient triggering using *b*-tagged multijet triggers; and (iii) negligible combinatorial ambiguity in forming Higgs boson candidates.

Two Higgs boson reconstruction techniques, which are complementary in their acceptance, are presented. The first -- "resolved" -- technique reconstructs Higgs boson candidates from pairs of nearby $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm {anti-}}k_{t}$$\end{document}$ jets \[[@CR20]\] with radius parameter $\documentclass[12pt]{minimal}
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                \begin{document}$$R = 0.4$$\end{document}$, each *b*-tagged with a multivariate *b*-tagging algorithm \[[@CR21]\]. This resolved technique offers good efficiency over a wide range of Higgs boson momenta and so can be used to reconstruct di-Higgs-boson resonances with mass $\documentclass[12pt]{minimal}
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                \begin{document}$$m_X$$\end{document}$ in the range between 500 and 1500 GeV. The sensitivity is best for this technique in the range $\documentclass[12pt]{minimal}
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                \begin{document}$$500\le m_{X} \lesssim 1100$$\end{document}$ GeV. It can be seen in Fig. [1](#Fig1){ref-type="fig"} however, that the acceptance for four *b*-tagged $\documentclass[12pt]{minimal}
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                \begin{document}$$R=0.4$$\end{document}$ jets decreases for $\documentclass[12pt]{minimal}
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                \begin{document}$$m_X \gtrsim 1200$$\end{document}$ GeV. This loss of acceptance is due to the increased boost of the Higgs boson, which reduces the average separation between the *b*- and $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{b}$$\end{document}$-quarks from the Higgs boson decay, $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta R = \sqrt{(\Delta \eta )^2 + (\Delta \phi )^2}$$\end{document}$, to values below 0.4. This motivates the use of a second -- "boosted" -- Higgs boson reconstruction technique that maintains acceptance for these higher-mass resonances through the use of jet substructure techniques. The Higgs boson candidate is reconstructed as a single, trimmed \[[@CR22]\] $\documentclass[12pt]{minimal}
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                \begin{document}$$R=1.0$$\end{document}$ jet which must be associated with two *b*-tagged $\documentclass[12pt]{minimal}
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                \begin{document}$$R = 0.3$$\end{document}$ track-jets \[[@CR23]\]. The use of track-jets with a smaller *R* parameter allows Higgs bosons with higher transverse momentum ($\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}$$\end{document}$) to be reconstructed.Fig. 1Acceptance times reconstruction and selection efficiency as a function of graviton mass for the bulk RS model, for the resolved and boosted analyses. The shapes of the curves are driven by the separation between the *b*-quarks from the Higgs boson decays and the impact on jet clustering. The requirements are defined in Sects. [4.2](#Sec6){ref-type="sec"} and [5.2](#Sec14){ref-type="sec"}

The analysis is performed with the dataset recorded by ATLAS in 2012 at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=8$$\end{document}$ TeV, corresponding to an integrated luminosity of 19.5 fb$\documentclass[12pt]{minimal}
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                \begin{document}$$^{-1}$$\end{document}$. For the non-resonant search, a counting experiment is performed and the results are interpreted in the context of SM non-resonant Higgs boson pair production. This interpretation is only carried out for the resolved analysis due to its higher sensitivity to such a signal. For the resonant search, a fit to the reconstructed mass spectrum of *hh* candidates is carried out and the results are interpreted in the context of both bulk RS $\documentclass[12pt]{minimal}
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                \begin{document}$$G^{*}_{\mathrm {KK}}$$\end{document}$ (spin-2) and 2HDM CP-even *H* boson (spin-0) production. In the bulk RS model, the fermion and boson fields can propagate in a warped extra dimension, which has a curvature parameter *k*. This benchmark model is investigated with three coupling constant values, $\documentclass[12pt]{minimal}
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                \begin{document}$$k/\bar{M}_{\mathrm {Pl}} = 1.0,1.5$$\end{document}$ and 2.0 ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{M}_{\mathrm {Pl}} = M_{\mathrm {Pl}}/\sqrt{8\pi }$$\end{document}$ is the reduced Planck mass), which cover much of the possible parameter space \[[@CR8]\]. The 2HDMs considered have CP-conserving scalar potentials (Type-I, Type-II, Lepton-specific and Flipped) \[[@CR10]\], in the regime $\documentclass[12pt]{minimal}
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                \begin{document}$$m_H = m_A = m_{H^{\pm }}$$\end{document}$, with the potential parameter that mixes the two Higgs doublets $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{12}^2~=~m_A^2\tan \beta /(1~+~\tan ^2\beta )$$\end{document}$. Interpretations are made as a function of $\documentclass[12pt]{minimal}
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                \begin{document}$$\tan \beta $$\end{document}$ is the ratio of vacuum expectation values of the two Higgs doublets and $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha $$\end{document}$ is the mixing angle between the two neutral CP-even scalars.

The ATLAS detector {#Sec2}
==================

ATLAS is a multi-purpose particle physics experiment \[[@CR24]\] at the LHC. The detector[1](#Fn1){ref-type="fn"} consists of inner tracking devices surrounded by a superconducting solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer. The inner tracking system provides charged-particle tracking in the pseudorapidity region $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 2.5$$\end{document}$ and vertex reconstruction. It consists of a silicon pixel detector, a silicon microstrip tracker, and a straw-tube transition radiation tracker. The system is surrounded by a solenoid that produces a 2 T axial magnetic field. The central calorimeter system consists of a liquid-argon electromagnetic sampling calorimeter with high granularity covering $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 3.2$$\end{document}$ and a steel/scintillator-tile calorimeter providing hadronic energy measurements in the central pseudorapidity range ($\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 1.7$$\end{document}$). The endcap and forward regions are instrumented with liquid-argon calorimeters for both electromagnetic and hadronic energy measurements up to $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | = 4.9$$\end{document}$. The muon spectrometer is operated in a magnetic field provided by air-core superconducting toroids and includes tracking chambers for precise muon momentum measurements up to $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 2.4$$\end{document}$. A three-level trigger system is used to select interesting events \[[@CR25]\]. The Level-1 trigger reduces the event rate to below 75 kHz using hardware-based trigger algorithms acting on a subset of detector information. Two software-based trigger levels, referred to collectively as the High-Level Trigger (HLT), further reduce the event rate to about 400 Hz using information from the entire detector.

Data and simulation samples {#Sec3}
===========================

The data sample used in this analysis, after applying data quality requirements that include the availability of *b*-jet triggers, corresponds to an integrated luminosity of $\documentclass[12pt]{minimal}
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                \begin{document}$$2.8~\%$$\end{document}$) is derived following the same methodology as that detailed in Ref. \[[@CR26]\]. The data sample is selected by a combination of five triggers requiring multiple jets or *b*-jets, where *b*-jets are identified by a dedicated HLT *b*-tagging algorithm. This combination of triggers is $\documentclass[12pt]{minimal}
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                \begin{document}$$99.5~\%$$\end{document}$ efficient for signal events passing the offline selection, across the full mass range considered.

Simulated Monte Carlo (MC) event samples are used to model the different signals, as well as the small background contributions from top-quark pair production ($\documentclass[12pt]{minimal}
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                \begin{document}$$Z+$$\end{document}$jets events. The dominant multijet background source is estimated directly from data. Signal samples for both models studied are generated with [Madgraph]{.smallcaps} v1.5.1 \[[@CR27], [@CR28]\], interfaced to [Pythia]{.smallcaps}  v8.175 \[[@CR29]\] for parton showering, hadronization and underlying-event simulation. The Higgs boson mass is set to 125 GeV. The CTEQ6L1 \[[@CR30]\] leading-order (LO) parton distribution functions (PDFs) are used. Table [1](#Tab1){ref-type="table"} provides the calculated cross-sections and widths for different signal model parameters. The bulk RS model predictions are calculated at LO using [Madgraph]{.smallcaps}. The 2HDM prediction corresponds to the cross-section for gluon-fusion production plus *b*-associated production plus vector-boson-fusion production. The gluon-fusion cross-section is calculated using SusHi v1.3.0 \[[@CR31]--[@CR36]\] at next-to-next-to-leading-order (NNLO) accuracy in QCD. For *b*-associated production, an empirical matching of the four- and five-flavour scheme is used \[[@CR37]\]. The four-flavour cross-section is calculated at next-to-leading-order (NLO) accuracy in QCD following Refs. \[[@CR38], [@CR39]\], while the five-flavour cross-section is calculated at NNLO in QCD using SusHi. The vector-boson-fusion cross-section at NNLO accuracy in QCD and NLO in electroweak is taken from Ref. \[[@CR40]\] and corrected by a multiplicative factor of $\documentclass[12pt]{minimal}
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The generated MC events are processed with the GEANT4-based \[[@CR59]\] ATLAS detector simulation \[[@CR60]\]. Effects of multiple proton--proton interactions (pile-up) are simulated using [Pythia]{.smallcaps}  v8.1 with the CTEQ6L1 PDF set and the AU2 tune \[[@CR61]\]. The simulated events are weighted so that the distribution of the average number of interactions per bunch-crossing matches that in the data. The same reconstruction software is used to process both the data and the simulated samples.

Table [2](#Tab2){ref-type="table"} summarizes the various event generators and PDF sets, as well as parton shower and hadronization software used for the analyses presented in this paper.Table 2Summary of MC event generators, PDF sets, parton shower and hadronization used in the analysis for both signal and background processes. \* [Madgraph]{.smallcaps} was modified \[[@CR62]\] to use the exact top-loop form-factors from HPAIR \[[@CR5], [@CR42]\] for the gluon-fusion production processModel/processGeneratorPDFParton Shower/hadronBulk RS: $\documentclass[12pt]{minimal}
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Resolved analysis {#Sec4}
=================

Event reconstruction {#Sec5}
--------------------

Jets are reconstructed from topological clusters of calorimeter cell energy deposits at the electromagnetic scale \[[@CR63]\] using the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta R=0.4$$\end{document}$ around the jet axis, the four-momentum of the muon is added to that of the jet (after correcting for the expected energy deposited by the muon in the calorimeter). Such muons are reconstructed by combining measurements from the inner tracking and muon spectrometer systems, and are required to satisfy tight muon identification quality criteria \[[@CR66]\]. Jets with a significant energy contribution from pile-up interactions \[[@CR67]\] are removed using tracking information. For jets with $\documentclass[12pt]{minimal}
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Jets with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta | < 2.5$$\end{document}$ are *b*-tagged using the properties of the tracks associated with them, the most important being the impact parameter (defined as the track's distance of closest approach to the primary vertex in the transverse plane) of each track, as well as the presence and properties of displaced vertices. The MV1 *b*-tagging algorithm \[[@CR21]\] used in this analysis combines the above information using a neural network and is configured to achieve an efficiency of 70 % for tagging *b*-jets,[3](#Fn3){ref-type="fn"} with a charm-jet rejection of approximately 5 and a light-quark or gluon jet rejection of around 140, as determined in an MC sample of $\documentclass[12pt]{minimal}
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Selection {#Sec6}
---------

Fig. 2The selection efficiency as a function of resonance mass at each stage of the event selection for **a** $\documentclass[12pt]{minimal}
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The resolved analysis considers a large range of resonance masses, $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}$$\end{document}$  background, jets not already used in the formation of the two dijets ("extra jets") in the event are used to reconstruct *W* boson and top quark candidates by combining them with each of the dijets. These extra jets are required to have $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}} > 30$$\end{document}$ GeV, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta | < 2.5$$\end{document}$, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta R<1.5$$\end{document}$ relative to the dijet. The *W* boson candidates are reconstructed by adding the four-momentum of each of the possible extra jets to the four-momentum of the jet in the dijet system with the lowest probability of being a *b*-jet according to the multivariate *b*-tagging algorithm. Top quark candidates are then reconstructed by summing the dijets with each of the extra jets. The compatibility with the top quark decay hypothesis is then determined using the variable:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} X_{tt}\,=\,\sqrt{\left( \frac{m_{W}\,-\,\tilde{m}_{W}}{\sigma _{m_{W}}}\right) ^2 + \left( \frac{m_{t}\,-\,\tilde{m}_{t}}{\sigma _{m_{t}}}\right) ^2}, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{W}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_t$$\end{document}$ are the invariant masses of the *W* boson and top quark candidates, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma _{m_{W}} = 0.1\, m_{W}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma _{m_{t}} = 0.1\, m_{t}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{m}_{W} = 80.4$$\end{document}$ GeV and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{m}_{t} = 172.5$$\end{document}$ GeV. The values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma _{m_{W}}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma _{m_{t}}$$\end{document}$ reflect the dijet and three-jet system mass resolutions. If either dijet in an event has $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$X_{tt} < 3.2$$\end{document}$ for any possible combination with an extra jet, the event is rejected. This requirement reduces the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}$$\end{document}$  background by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sim $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$60~\%$$\end{document}$, whilst retaining $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sim $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$90~\%$$\end{document}$ of signal events (shown as "$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}$$\end{document}$ Veto" in Fig. [2](#Fig2){ref-type="fig"}).

The event selection criteria described above are collectively referred to as the "4-tag" selection requirements. These requirements select 1891 events.

Following the 4-tag selection, a requirement on the leading and subleading dijet masses ($\documentclass[12pt]{minimal}
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The final step of the Higgs boson pair resonant production search is to perform a fit to the four-jet mass $\documentclass[12pt]{minimal}
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Background estimation {#Sec7}
---------------------

After the 4-tag selection described above, about 95 % of the remaining background in the signal region is expected to originate from multijet events, which are modelled using data. The remaining $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sim $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$5~\%$$\end{document}$ of the background is $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}$$\end{document}$  events. The $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}$$\end{document}$  yield is determined from data, while the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\mathrm {4j}}$$\end{document}$  shape is taken from MC simulation. The $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z+$$\end{document}$jets contribution is $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$<1$$\end{document}$ % of the total background and is modelled using MC simulation. The background from all other sources -- including processes featuring Higgs bosons -- is negligible.

### Multijet background {#Sec8}

The multijet background is modelled using an independent data sample selected by the same trigger and selection requirements as described in Sect. [4.2](#Sec6){ref-type="sec"}, except for the *b*-tagging requirement: only one of the two selected dijets has to be formed from *b*-tagged jets, while the other dijet can be formed from jets that are not *b*-tagged. This "2-tag" selection yields a data sample comprising 485377 events, 98 % of which are multijet events and the remaining 2 % are $\documentclass[12pt]{minimal}
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This 2-tag sample is normalized to the 4-tag sample and its kinematical distributions are corrected for differences introduced by the additional *b*-tagging. These differences arise because the *b*-tagging efficiency as well as the charm- and light-jet rejection vary as a function of jet $\documentclass[12pt]{minimal}
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The normalization of the multijet background prediction is set by scaling the number of events in each region of the 2-tag sample by the following factor, $\documentclass[12pt]{minimal}
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To predict the distributions of the multijet background in each region, the predicted $\documentclass[12pt]{minimal}
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The correction for the kinematic differences between 2-tag and 4-tag samples is performed by reweighting events in the 2-tag sample. The weights are derived in the sideband region from linear fits to the ratio of the total background model to data for three kinematic distributions which are found to have the largest disagreement between 2-tag and 4-tag events: the leading dijet $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta R$$\end{document}$ separation between the two dijets. The reweighting is done using one-dimensional distributions, but is iterated so that correlations between the three variables are approximately accounted for. Three iterations are found to be sufficient. After the correction process, there is good agreement between the background model and sideband region data in kinematic variables that were not explicitly corrected. Systematic uncertainties in the normalization and shape of the multijet background model in the signal region are assessed using control-region data, as described in Sect. [4.4](#Sec10){ref-type="sec"}.
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Systematic uncertainties {#Sec10}
------------------------

Two classes of systematic uncertainties are evaluated: those affecting the modelling of the signal and those affecting the background prediction.

The signal modelling uncertainties comprise: theoretical uncertainties in the acceptance, uncertainties in the jet energy scale (JES) and resolution (JER), and uncertainties in the *b*-tagging efficiency.

The theoretical uncertainties considered arise from initial- and final-state radiation modelling (ISR and FSR), PDF uncertainties and uncertainty in the LHC beam energy. These are estimated using particle-level samples generated using the same generator configurations as the nominal signal samples but with appropriate variations, assessing the difference in yields after the full analysis selection. The ISR and FSR uncertainty is evaluated by varying the relevant parton shower parameters in [Pythia]{.smallcaps} 8. The PDF uncertainty is estimated by taking the maximum difference between the predictions when using MSTW2008nlo \[[@CR69]\], NNPDF2.3 \[[@CR70]\] and CTEQ6L1. The uncertainty due to the beam energy is determined by varying coherently the energy of each beam by $\documentclass[12pt]{minimal}
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The JES systematic uncertainty is evaluated using 15 separate and orthogonal uncertainty components, which allow for the correct treatment of correlations across the kinematic bins \[[@CR65]\]. The JER uncertainty is evaluated by smearing jet energies according to the systematic uncertainties of the resolution measurement performed with data \[[@CR65]\]. For *b*-jets with $\documentclass[12pt]{minimal}
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Systematic uncertainties in the normalization and shape of the multijet background model are assessed in the control region. Table [3](#Tab3){ref-type="table"} shows the estimated background yields in the control and sideband regions. The control region background prediction agrees with the observed data within the data statistical uncertainty of $\documentclass[12pt]{minimal}
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The uncertainty in the description of the multijet $\documentclass[12pt]{minimal}
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Fig. 5The individual impact of the systematic uncertainties considered in the resolved analysis on the expected $\documentclass[12pt]{minimal}
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Results of the resolved analysis {#Sec11}
--------------------------------

Table [5](#Tab5){ref-type="table"} shows the predicted number of background events in the signal region, the number of events observed in the data, and the predicted yield for two potential signals. The numbers of predicted background events and observed events are in excellent agreement.Table 5The number of predicted background events in the *hh* signal region for the resolved analysis, compared to the data. Uncertainties correspond to the total uncertainties in the predicted event yields. The yield for two potential signals, SM non-resonant Higgs boson pair production and a 500 GeV $\documentclass[12pt]{minimal}
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Figure [6](#Fig6){ref-type="fig"} shows a comparison of the predicted $\documentclass[12pt]{minimal}
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Boosted analysis {#Sec12}
================

Event reconstruction {#Sec13}
--------------------

The boosted analysis differs from the resolved analysis primarily by the use of large-radius jets designed to contain the decay products of a single $\documentclass[12pt]{minimal}
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A novel aspect of the boosted technique presented here is the use of track-jets \[[@CR23]\] to identify the presence of *b*-quarks inside the large-*R* jet. Such track-jets are built solely from tracks with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}} $$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$>$$\end{document}$ 0.5 GeV and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta |$$\end{document}$  $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$<$$\end{document}$ 2.5, satisfying a set of hit and impact parameter criteria to make sure that those tracks are consistent with originating from the primary vertex, thereby reducing the effects of pile-up. Track jets are reconstructed using the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathrm {anti-}}k_{t}$$\end{document}$ algorithm with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R = 0.3$$\end{document}$. Flavour-tagging of those track-jets proceeds in the same way as for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R = 0.4$$\end{document}$ calorimeter jets used in the resolved analysis described in the previous section, except for a slightly looser requirement on the output of the MV1 neural network for a track-jet to be *b*-tagged. This leads to *b*-jets being *b*-tagged with an efficiency of 74 %, with a charm-jet rejection factor of approximately 4 and a light-quark or gluon jet rejection factor of around 65, as determined in an MC sample of $\documentclass[12pt]{minimal}
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Selection {#Sec14}
---------

The combined acceptance times efficiency at different stages of the event selection for the boosted analysis is shown in Fig. [7](#Fig7){ref-type="fig"}.

Events are required to contain at least two large-*R* jets with $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}} > 350$$\end{document}$ GeV. This ensures that the top-quark decay products are typically fully contained in a single large-*R* jet with mass close to that of the top quark. These requirements are shown in Fig. [7](#Fig7){ref-type="fig"} as "2 large-R jets". Only the leading and subleading large-*R* jets are retained for further consideration.

Track jets are associated with large-*R* jets using "ghost association" \[[@CR64], [@CR72], [@CR73]\]. Each of the leading and subleading large-*R* jets must have at least two track-jets ghost-associated with their respective untrimmed parents, where the track-jets must have $\documentclass[12pt]{minimal}
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To suppress contamination from multijet events, the two selected large-*R* jets in the event are required to have a separation $\documentclass[12pt]{minimal}
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A final correction to the large-*R* jet four-momentum is applied to account for semileptonic *b*-hadron decays. If a muon passing the requirements outlined in Sect. [4.1](#Sec5){ref-type="sec"} is ghost-associated with any of the selected *b*-tagged track-jets, its four-momentum is added to that of the large-*R* jet. If more than one muon is associated with a given track-jet, the muon closest to the track-jet axis is used. This correction improves the mass resolution for large-*R* jets in signal MC simulation, especially for the subleading jet.

The last requirement used to select signal event candidates is to require that the large-*R* jet mass is consistent with the Higgs boson mass. This requirement is defined identically to that for the resolved analysis in Eq. ([1](#Equ1){ref-type=""}), except for the replacement of the small-*R* dijet mass with the large-*R* jet mass. The signal region is defined by the requirement $\documentclass[12pt]{minimal}
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Background estimation {#Sec15}
---------------------

After the 4-tag selection described in Sect. [5.2](#Sec14){ref-type="sec"}, the background composition is similar to that of the resolved analysis. Multijet events comprise approximately 90 % of the total background and are modelled entirely using data. The remaining $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sim $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$10~\%$$\end{document}$ of the background is $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}$$\end{document}$ events. The $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}$$\end{document}$ yield is determined using data, while the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\mathrm {2J}}$$\end{document}$ shape is taken from MC simulation. The $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z+$$\end{document}$jets contribution is $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$<$$\end{document}$1 % of the total background and is modelled using MC simulation. The background from all other sources -- including processes featuring Higgs bosons -- is negligible.

Estimation and validation of the background described below relies on two data samples defined as follows.The "4-tag" sample corresponds to the set of events that satisfy all the requirements detailed in Sect. [5.2](#Sec14){ref-type="sec"}, except that the final requirement on the mass of the leading and subleading large-*R* jets is not applied.The "2+3-tag" sample is identical to the 4-tag sample except for having only two or three of the four track-jets *b*-tagged. For events with only two *b*-tagged track-jets, both are required to be associated with the same large-*R* jet.Both samples are further subdivided based on the large-*R* jet masses, with each subsample having a sideband region to determine the multijet background kinematics and a control region to validate the background estimate. The control region is defined by requirements on the mass of the leading and subleading large-*R* jets of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$95 < m_{\mathrm J}^{\mathrm {lead}} < 160$$\end{document}$ GeV and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$85 < m_{\mathrm J}^{\mathrm {subl}} < 155$$\end{document}$ GeV respectively, while excluding the signal region defined by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$X_{hh} < 1.6$$\end{document}$. The sideband region is complementary to the signal and control regions. Figure [8](#Fig8){ref-type="fig"} illustrates the sideband and control regions with data from the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2+3$$\end{document}$-tag sample.Fig. 8The leading--subleading large-*R* jet mass distribution for the 2-tag and 3-tag data sample in the boosted analysis. The signal region is the area surrounded by the *inner black contour line*, centred on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\mathrm J}^{\mathrm {lead}} = 124$$\end{document}$ GeV and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\mathrm J}^{\mathrm {subl}} = 115$$\end{document}$ GeV. The control region is the area inside the *outer black contour line*, excluding the signal region. The sideband region is the area outside the *outer contour line*

The choice of control region (and consequently sideband region) ensures that the multijet background can be estimated by extrapolation of event yields and kinematic properties from the $\documentclass[12pt]{minimal}
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                \begin{document}$$-0.67$$\end{document}$ between these two parameters.Fig. 9Leading large-*R* jet mass distribution for 4-tag events in the sideband region for data (*points*) and the two dominant sources of background for the boosted analysis. The normalization for each of those two background components is obtained with a fit to the data as described in the text

Figure [10](#Fig10){ref-type="fig"}a shows the dijet mass distribution for the 4-tag data sample in the sideband region with the background estimated using the above method. This figure indicates that the $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ MC sample.Fig. 10Dijet mass distributions for 4-tag events in the boosted analysis. **a** shows the sideband region and **b** the control region for data (*points*) and the expected background (*histograms*). The *filled blocks* represent the statistical uncertainty in the total background estimate

Systematic uncertainties {#Sec16}
------------------------

Systematic uncertainties can be grouped into two classes: those affecting modelling of the signal as extracted from simulation and those arising from the background estimate.

The signal modelling is affected by two main sources of experimental uncertainty. One is related to large-*R* jets and the other is related to the efficiency for *b*-tagging track-jets. For large-*R* jets, the following uncertainties are accounted for: jet energy scale and resolution, as well as jet mass scale (JMS) and resolution (JMR). In the kinematic region relevant to this analysis, the JES uncertainty is below 2 % and that for JMS is $\documentclass[12pt]{minimal}
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Systematic uncertainties in both the background and signal event yields are summarized in Table [7](#Tab7){ref-type="table"}. A 2.8 % luminosity uncertainty is applied to the $\documentclass[12pt]{minimal}
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Theoretical uncertainties affecting the signal acceptance are also considered, as described in Sect. [4.4](#Sec10){ref-type="sec"}. These sources do not have significant dependence on the assumed resonance mass and the largest contribution is found to be due to the ISR modelling.

The uncertainty in the multijet event yield is derived from the difference between the predicted and observed multijet yields in the control region. This source of uncertainty is dominated by the statistical uncertainty in that region. The $\documentclass[12pt]{minimal}
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Results of the boosted analysis {#Sec17}
-------------------------------

A total of 34 events is observed in the data whereas the background expectation is estimated to be $\documentclass[12pt]{minimal}
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Fig. 12Dijet mass distributions for data (*points*) as well as expected background (*solid histograms*) in the signal region of the boosted analysis. The *filled blocks* represent the combined statistical and systematic uncertainty in the total background estimate. Two simulated $\documentclass[12pt]{minimal}
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The dijet mass distribution in the signal region is shown in Fig. [12](#Fig12){ref-type="fig"}. For this distribution and the statistical analysis, the estimated background prediction from multijet ($\documentclass[12pt]{minimal}
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Results {#Sec18}
=======

The results from the analyses in Sects. [4](#Sec4){ref-type="sec"} and [5](#Sec12){ref-type="sec"} are interpreted separately using the statistical procedure described in Ref. \[[@CR1]\] and references therein. Hypothesized values of $\documentclass[12pt]{minimal}
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Background-only hypothesis tests {#Sec19}
--------------------------------

Tests of the background-only hypothesis ($\documentclass[12pt]{minimal}
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In the case of the resolved analysis, the largest deviation from the background-only hypothesis is found to be $\documentclass[12pt]{minimal}
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Given these low significance values, the results of both analyses are consistent with the background-only hypothesis. Of the 117 events selected in the data by either the resolved or boosted analysis, only four events are common to both.

Exclusion limits {#Sec20}
----------------

The data are used to set upper limits on the cross-sections for the different benchmark signal processes. Exclusion limits are based on the value of the statistic $\documentclass[12pt]{minimal}
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Figure [14](#Fig14){ref-type="fig"} shows the combined 95 % CL upper limits for three signal models: $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$pp\rightarrow G^{*}_{\mathrm {KK}} \rightarrow hh \rightarrow b\bar{b}b\bar{b} $$\end{document}$ within the bulk RS model with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k/\bar{M}_{\mathrm {Pl}}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$=$$\end{document}$ 1 and 2, and the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$pp\rightarrow H \rightarrow hh \rightarrow b\bar{b}b\bar{b} $$\end{document}$ with a fixed $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Gamma _H = 1\,{\mathrm {\ GeV}}{}$$\end{document}$. The most stringent limits of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma \left( pp \rightarrow X \rightarrow hh \rightarrow b\bar{b}b\bar{b}\right) \sim 3\,$$\end{document}$fb are set in the range $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$900 < m_X < 1600\,{\mathrm {\ GeV}}{}$$\end{document}$, where there is little expected background and either the resolved or boosted analysis provides good signal acceptance. The excluded mass ranges for the bulk RS KK graviton are shown in Table [9](#Tab9){ref-type="table"}.Fig. 14The combined expected and observed limit for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$pp\rightarrow G^{*}_{\mathrm {KK}} \rightarrow hh \rightarrow b\bar{b}b\bar{b} $$\end{document}$ in the bulk RS model with **a** $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k/\bar{M}_{\mathrm {Pl}}$$\end{document}$  $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$=$$\end{document}$ 1 and **b** $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k/\bar{M}_{\mathrm {Pl}}$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$=$$\end{document}$ 2, as well as **c** $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$pp\rightarrow H \rightarrow hh \rightarrow b\bar{b}b\bar{b} $$\end{document}$ with fixed $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Gamma _H = 1\,{\mathrm {\ GeV}}{}$$\end{document}$. The *red curves* show the predicted cross-sections as a function of resonance mass for the models considered

Table 9Range of KK graviton masses excluded at 95 % confidence level for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k/\bar{M}_{\mathrm {Pl}} = 1.0, 1.5$$\end{document}$ and 2.0$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k/\bar{M}_{\mathrm {Pl}}$$\end{document}$95 % CL excluded $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$G^{*}_{\mathrm {KK}}$$\end{document}$ mass range \[GeV\]1.0500--7201.5500--800 and 870--9102.0500--990
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Conclusions {#Sec21}
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Two searches for Higgs boson pair production with the ATLAS detector at the LHC using the $\documentclass[12pt]{minimal}
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Constraints are placed on several benchmark models. For the bulk RS model with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k/\bar{M}_{\mathrm {Pl}} =1$$\end{document}$, KK gravitons in the mass range $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$500\le $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{G^{*}_{\mathrm {KK}}}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\le 720$$\end{document}$ GeV are excluded at the 95 % CL. For non-resonant signals, using Standard Model *hh* non-resonant production as the benchmark, the observed 95 % CL upper limit on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma (pp\rightarrow hh\rightarrow b\bar{b}b\bar{b})$$\end{document}$ is 202 fb, in good agreement with the expected exclusion. This is to be compared to a SM prediction of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$3.6 \pm 0.5$$\end{document}$ fb.

ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector and the *z*-axis along the beam pipe. The *x*-axis points from the IP to the centre of the LHC ring, and the *y*-axis points upwards. Cylindrical coordinates $\documentclass[12pt]{minimal}
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Proton--proton collision vertices are reconstructed requiring that at least five tracks with $\documentclass[12pt]{minimal}
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A jet is labelled as a *b*-jet if a *b*-quark with transverse momentum above 5 GeV exists within a cone of $\documentclass[12pt]{minimal}
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